Abstract With the increasing rate of Ebola virus appearance, with multiple natural outbreaks of Ebola hemorrhagic fever, it is worthy of consideration as bioweapon by antinational groups. Further, with the non-availability of the vaccines against Ebola virus, concerns about the public health emerge. In this regard, this review summarizes the structure, genetics and potential of Ebola virus to be used as a bioweapon. We highlight the recent advances in the treatment strategies and vaccine development against Ebola virus. The understanding of these aspects might lead to effective treatment practices which can be applied during the future outbreaks of Ebola.
Introduction
There is a growing risk that the science will be deliberately misused and that the consequences could be catastrophic. The global proliferation of biological weapon (BW) technologies remains a significant threat to public health and the environment. Unfortunately, many BW agents are unfamiliar to most clinicians and laboratory scientists, complicating appropriate responses [28] . Bioweapons are the biological entities or organisms which can be used as a weapon in the wars. Several countries are believed to have offensive biological weapons programs, and some independent anti-national groups have suggested their intention to use biological weapons. As the possibility of a terrorist attack using bioweapons is especially difficult to predict, detect, or prevent, it is among the most-feared terrorism scenarios.
Ebola virus hemorrhagic fever has been known to affect thousands of people worldwide with higher mortality rates. The first reported outbreak of Ebola virus disease (EVD) occurred in 1976 in Democratic republic of Congo (Northwestern Zaire). Since then many severe outbreaks occurred in other parts of the world, Sudan, central and west Africa. The recent outbreak of EVD was the first in densely populated area, infected the largest numbers, was of longest duration with high fatality rate and simultaneously hit three countries i.e. Guinea, Liberia, and Sierra [25] . The severity of the disease led WHO to seek greater efforts to fight against EVD and declare it as public health emergency of international concern (PHEIC).
EVD is a significant health concern worldwide because of the absence of specific effective treatments and vaccines against Ebola virus in addition to lack of early diagnostic methods, insufficient equipment for personal protection and deficient resources for infection control. The high rate of mortality associated with EVD, marked the potential of Ebola virus to be used as bioweapon by anti-national groups. The present review seeks to provide information on the potential of Ebola virus to be used as a bioweapon as well as the recent advances in vaccine development against Ebola virus to combat this risk.
Epidemiology of Ebola virus
Ebola virus is a member of the virus family Filoviridae which contains five species such as Bundibugyo ebolavirus, Reston ebolavirus, Sudan ebola virus, Tai Forest ebola virus, and Zaire ebola virus [35] , responsible for causing an infectious disease ''Ebola hemorrhagic fever'' with a high mortality rate. The name ''Ebola'' came from the river Zaire where it was first discovered in 1976. The virus actually occurs in the animal population but can be transmitted to the human populations by direct contact. The natural carriers of Ebola virus are thought to be fruit bats which carry the virus without being affected by it. Nonhuman primates like monkeys can also be the accidental host and can be infected with the virus as humans [26] . After its discovery in 1976, many of the Ebola outbreaks were reported in Sudan, Central and Western Africa; however, the most recent outbreak which simultaneously hit three countries Guinea, Liberia, and Sierra Leone infected the largest numbers, were of longest duration and possess high fatality rate. WHO also seeks greater efforts to fight against Ebola virus and declared this outbreak as a Public Health Emergency of International Concern (PHEIC) in 2014. Although most of the past Ebola outbreaks are mainly caused by Reston species but mortality rate may vary from highest with Zaire species (80%) and lowest with Bundibugyo species (40%).
The virus possesses a negative-sense, non-segmented RNA genome, 19 kb in length (800-1100 nm long and 80 nm diameter), that encodes seven structural proteins (3 0 NP VP35 VP40 GP (including secreted soluble GP (sGP) and structural GP 1,2 ) VP30 VP24 L 5 0 ) and at least one nonstructural protein [8, 31] . Components of the nucleocapsid are Nucleoprotein (NP), viral protein (VP) 35, VP30, and L, the RNA-dependent RNA polymerase are essential for viral replication and transcription [23] . VP40 is the matrix protein and is critical for viral budding [12] . VP24 is essential for the formation of nucleocapsids composed of NP, VP35, and viral RNA [15] . The viral surface glycoproteins secreted soluble GP (sGP) and structural GP 1,2 , plays a role in viral attachment and entry [25] .
Symptoms of Ebola virus infection include high fever, chills, asthenia (), headache, muscle aches, anorexia, conjunctivitis, abdominal pain, nausea, vomiting and diarrhea, pharyngitis, sore throat and chest pain and an erythematous macules rash. After three days of fever, the hemorrhagic manifestation of the disease usually begins. The signs are characterized by hemorrhage (blood escape from ruptured blood vessel, ecchymoses (bruising), conjunctival hemorrhage, gingival bleeding, bleeding from an injection site, frank bleeding from the gastrointestinal tract with melaena (blood loss in faeces), vaginal bleeding, haematemesis (vomiting of blood), and bleeding from other sites such as internal organs). The incubation period of the virus ranges from 2 to 21 days. The symptoms of Ebola hemorrhagic fever are typical of any common tropical disease which makes it misdiagnosed and mistreated, and thus poses a public health threat [11] .
Ebola threat as bioterrorist attack
Since the death rate of this highly contagious infectious disease, Ebola hemorrhagic fever is 25-90% for those who contract Ebola virus, and because of its easy transmittance from person to person, this virus possess the potential to be used as bioweapon [19] . The virus is classified as category A bioterrorism threats by Centers for Disease Control and Prevention (CDC) for several reasons [1] . First, the filoviruses are highly lethal, causing severe hemorrhagic fever disease in humans and apes with high mortality rates (up to 90%). Second, in addition to being extremely pathogenic, filoviruses are highly infectious as aerosol droplets [33] . However, till now there is no report of bioterrorism event using Ebola virus as the virus possess certain constraints to be used effectively. It is difficult to prepare and becomes ineffective quickly when exposed to open air. Only an expert can handle the virus having the skills like obtaining the correct strain, growing the strain with the desired characteristics, storing and effectively dispersing the virus [20] .
Although the threat of terrorism by preparing Ebola virus is low but still policies are required to prevent the potential threat. To be used for bioterrorism, Ebola virus is either obtained naturally or synthetically produced and weaponized to kill. There were eight instances reported till 2001 where terrorists have tried to acquire this virus. One obtained from legitimate supplier, one stolen, and one was self-manufactured, two were obtained from natural sources and three had unknown sources [4] .
Development of vaccines against Ebola virus
Ebola -infected person is a source of spreading the disease till his body secretions contain the virus. Although intensive research has been done, till now there is no vaccine available for the Ebola hemorrhagic fever (WHO report, Ebola haemorrhagic fever fact sheet 103; 2012). Therefore, an effective vaccine is needed to be developed in order to immunize the population against this deadly virus. An important therapeutic strategy is to target virus proteins which interact with host and critically regulate virus lifecycle. Ebola virus matrix protein, VP40, which is abundantly expressed in infection and regulates virion assembly and budding in infected cells, is critical in this regard [22] . In 2007, Warfield and colleagues developed a vaccine which provides immunity against the Ebola virus. They produced the virus like particles from the co-expression of the viral glycoprotein and matrix protein VP40 in mammalian cells which resembles the wild type virus and are immunogenic in nature. These viruses-like particles were found to be effective against many viral infections like papilloma virus, HIV and rotavirus [36] .
The Ebola virus is very lethal as the virus can be handled under the BSL-4 cabinets only. The lack of sufficient BSL-4 space and trained personnel and the rigors of working in BSL-4 laboratories have severely hampered basic research with Ebola virus as well as the development of vaccines and large-scale screening for effective antiviral compounds. Halfmann and coworkers developed a biologically-contained Ebola virus which has a reporter gene instead of VP30 gene useful in transcription. The viruses which lack the VP30 gene do not show any morphological difference from the wild type virus. Due to these changes in the virus, the engineered strain is safe for handling outside the BSL-4 cabinet [10] .
In 2007, Jones and coworkers assessed the vaccine based on vesicular stomatitis virus (VSV) by using mouse model of Ebola virus hemorrhagic fever. Mice were injected with various doses of vaccine. Doses decreasing from 2 9 10 4 to 2 plaque-forming units (PFU), with both systemic and mucosal vaccination routes were used. Mice were challenged with 10 3 to 10 6 lethal doses of mouseadapted live attenuated vesicular stomatitis virus expressing the Zaire Ebola virus (ZEBOV) glycoprotein. Severely immune-compromised mice were injected with 2 9 10 5 pfu, which was 10 times greater than the immunization dose normally used to test vaccine safety. Two plaqueforming units of the vaccine protected against lethal challenge, and mucosal immunization was found to be as protective as systemic injection. The replicating vaccine was never detected in the immunized animals, nor were there clinical signs after immunization. Vaccination of severely immune-compromised mice with 200,000 pfu resulted in no clinical symptoms [17] . In 2008, Geisbert and coworkers also developed a vaccine against Ebola virus based on vesicular stomatitis virus (VSV) and tested against Zaire Ebola virus in macaques infected with simian HIV. It was found to be effective against immune-compromised non-human primates [7] . A recent study has also evaluated the efficacy of recombinant rVSV-ZEBOV in preventing Ebola disease with substantial protection [13] .
Swenson and coworkers produced a pan filovirus vaccine which was based on a complex adenovirus technology and expressed multiple antigens from five different filoviruses de novo. Vaccination of nonhuman primates demonstrated 100% protection against infection by two species of Ebola virus and three Marburg virus subtypes, each administered at 1000 times the lethal dose. This study indicates the feasibility of vaccination against all current filovirus threats in the event of natural hemorrhagic fever outbreak or biological attack [33] . A study has also demonstrated the use of monoclonal antibodies against cross-protective epitopes with cross-reactivity to several filoviruses, exhibiting protection against Ebola virus and other filoviruses [14] .
Sun and coworkers produced Ebola virus like particles (VLP) using recombinant baculovirus expression system in insect cells. The efficacy was checked in mice with a vaccination regime which includes two immunizations of high dose level (50 lg) inducing high levels of antibodies against viral glycoprotein while two immunizations of low dose level (10 lg) inducing five fold less level of antibodies against viral glycoprotein. High production yield of VLP in insect cells with effective protection was observed. If three immunization of low dose is administered, it gives the results similar to those of high dose [32] . A thermostable nano-VLP vaccine is also produced against Ebola virus which can be effectively used in tropical countries [3] .
Mucosal vaccination can offer several advantages over conventional intramuscular immunization to protect against Ebola virus (EBOV) infection, such as immune protection at sites of viral entry into susceptible individuals, and can be administered using needle-free devices [27] . A study had evaluated the oral and nasal vaccination of mice with human adenovirus serotype 5 (Ad) expressing the Zaire Ebola virus glycoprotein (Ad-ZGP), in terms of their protection against and underlying immune responses to Ebola virus. Similar to intramuscular administration, oral or nasal vaccination of mice with Ad-ZGP fully protected the mice against a lethal challenge with mouseadapted EBOV. Both T and B cell responses developed in mice receiving oral or nasal vaccination in different body compartments, indicating qualitative improvement of the immune responses which includes stimulation of CD8? T cells or effector memory T cells from the gastrointestinal tract or the lungs and was superior to that noted after intramuscular administration of the vaccine [27] . Recently an intranasal Ebola vaccine was evaluated that contained attenuated recombinant human parainfluenza virus type 1 (rHPIV1) and expressed the membrane-anchored form of EBOV glycoprotein GP. It was found to be safe and immunogenic in African green monkeys (AGMs) and set to be further be evaluated in clinical trials [21] . The attempts were also made to form edible Ebola vaccine [2] .
In 2010, Pratt and coworkers developed a multivalent vaccine which expresses the glycoprotein of Zaire and Sudan Ebola virus based on adeno virus vector. This vaccine provides protection against both viruses by either of the route [29] . Passive antibody had also been used effectively for the treatment of Ebola hemorrhagic fevers, with encouraging results [24] . Furthermore, considerable evidences from animal studies indicate that passive antibody administration prevents or ameliorates disease caused by viral agents of hemorrhagic fever. Studies in mice suggest that the protective efficacy of passive antibody against Ebola virus (EBOV) is a result of suppression of viral growth which allows development of immunity [9] . Hyper immune goat serum was generated by immunization with live EBOV-protected guinea pigs against lethal challenge [18] . Passive antibody therapy for EBOV infection may be effective in humans, as suggested by lower death rates in recipients of blood transfusions from convalescent patients [5] .
In 2011, Zeitlina and coworkers have designed monoclonal antibodies (mAbs) which could be used in humans as immune-protectants for EBOV, starting with a murine mAb (13F6) which recognizes the heavily glycosylated mucin-like domain of the virion-attached glycoprotein(GP). The mAb was developed by introducing point mutation in the murine mAb variable region which removes the human T cell epitope. The efficacy of three variants of h-13F6 carrying different glycosylation patterns was evaluated in a lethal mouse EBOV challenge model. The pattern of glycosylation of the various mAbs was found to correlate to the level of protection [37] .
An in vitro screening of the drugs and selected molecular probes had been done to identify the drugs which show antiviral activity against Zaire Ebola virus infection. Through this screening, selective estrogen receptor modulators were identified like clomiphene and toremifene, which were having antiviral activity against Ebola virus infections [16] . Food and drug administration (FDA) approves these selective estrogen receptor modulators (SERMs) which possess selective anti-Ebola activities for treatment of Ebola virus infections. It was observed that SERMs reduces cellular sphingosine concentration and accumulation of endo-lysosomal calcium, thus blocking Ebola entry [6] .
Concluding remarks
With the increasing concern of using Ebola virus in bioterrorism, nations have become more concerned about developing an effective vaccine against this deadly virus. Although there is difficulty in obtaining and weaponizing the Ebola virus, the risk of using it as a bioweapon still exists. In spite of large research efforts with evaluation of several vaccine candidates and FDA approval to estrogen receptor modulators, none of the vaccine has been licensed yet. Some like DNA vaccines and adenovirus-based vaccines have entered Phase I clinical trials. A report has even shown the use of rVSV vaccine to protect one researcher with lab exposure of EBOV [34] . Furthermore, a recent report had shown that EBOV strains undergo adaptive mutations to escape itself from detection by T and B cells of host immune system [30] . These challenges remain to increase the effectiveness of vaccines and to reduce their adverse effects. Due to highly contagious nature of Ebola virus, as it can be transmitted easily through direct contact, effective preventive measures are required to prevent its spreading. These include educating people with classical approaches of disease prevention, isolation of patients or dead bodies, avoidance of funeral and burial rituals to prevent contact with the infected body. More funding and research efforts are also required for the identification of reservoir and potential hosts for Ebola viruses.
